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ABSTRACT 
Ligatin,  a  filamentous protein previously found in  suckling rat ileum,  has been 
purified from plasma membranes of embryonic chick neural retina. The isolated 
plasma membranes are covered in part by 4.5-nm filaments that can be released 
from the membranes by treatment with Ca ++. Subsequent dialysis against EGTA 
followed by sieve chromatography  results  in  purification  of the  10,000-dalton 
ligatin monomer. When labeled either with radioisotopes or with fluorescamine, 
the monomer is shown to electrophorese as a single discrete band in polyacryl- 
amide gels. However, during  standard  fixing  and staining  procedures it diffuses 
from  the  gels  and  thus  is  not  visualized.  Ligatin's  amino  acid  composition  is 
distinguished by its high content of polar residues, especially Glx and Asx, and by 
the presence of phosphorylated serine. Upon re-addition of Ca ++, purified ligatin 
monomers polymerize to form filaments 3 nm in Diam, identical to those formed 
by purified ileal ligatin. However, in both retina and ileum, the filaments observed 
on plasma membranes  are  >3  nm  in  Diam.  In  ileum,  this enlargement  results 
from ligatin's function as a baseplate for the attachment of another protein, a/3- 
N-acetylhexosaminidase, to the cell surface. In retina, a corresponding difference 
in diameter between filaments seen in vivo and those formed from repolymerized 
ligatin  alone and the co-solubilization of other proteins with ligatin  suggest that 
ligatin may also function there as a baseplate for other cell surface proteins. The 
proteins associated with ligatin  in retina differ morphologically from /3-N-acetyl- 
hexosaminidase and do not possess this enzymatic activity. 
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Ligatin is a 10,000-dalton plasma membrane pro- 
tein that, in the presence of Ca ++, polymerizes to 
form filaments 3 nm in Diam. It was first isolated 
from suckling rat ileum by Jakoi et al. (14) where 
it serves as a baseplate for the attachment of/3-N- 
acetylhexosaminidase to  the  external surfaces of 
plasma  membranes  of  lumenal  epithelial  cells. 
The alignment of ligatin filaments on these mem- 
branes is responsible for the regular distribution 
of hexosaminidase seen in electron micrographs as 
two-dimensional lattices of 7.5-nm particles (14, 
21). These rows of particles can be detached from 
isolated plasma membranes by treatment with 40 
mM  Ca ++  and  yet  retain  their  unidimensional 
periodicity. Subsequent dialysis against ethylene- 
glycol-bis(/3-aminoethyl ether)  N,N'-tetraacetate 
(EGTA) results in the dissociation of the enzyme 
from the ligatin filaments and the depolymeriza- 
tion of the  filaments to  form the  10,000-dalton 
ligatin monomer. The  purified  enzyme is  lipid- 
free, but phospholipids and cholesterol are found 
associated  with  ligatin. Interestingly, when  sub- 
jected to polyacrylamide gel electrophoresis, mon- 
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staining procedures (t3, 14). 
By using the protocol that isolates ligatin from 
ileum, we have purified from retinal plasma mem- 
branes  a  protein  having  similar  physicochemical 
properties.  As  in  ileum,  ligatin  filaments  from 
retina appear  to be  associated with other plasma 
membrane  proteins.  However, in retina the pro- 
teins  isolated  with  ligatin  differ morphologically 
from  the  ileal  fl-N-acetylhexosaminidase  and  do 
not possess this enzymatic activity. 
MATERIALS  AND  METHODS 
Preparation of Retinal Plasma Membranes 
Neural retinas were dissected from 50 10-d-old chick 
embryos  in  Ca  ++-  and  Mg++-free  Hanks'  solution  or 
0.9%  NaC1 (both buffered with  10  mM N-2-hydroxy- 
ethylpiperazine-N'-2-ethane sulfonic acid [HEPES] [pH 
7.2]) and kept on ice. The tissue  was transferred to 20 
ml of HEPES buffer (10 mM HEPES, 1 mM NaN.~, pH 
7.6)  and  homogenized  with  10  strokes  of  a  Potter- 
Elvehjem homogenizer. The  nuclear fraction  was  re- 
moved by centrifugation (500 g  for 2 min). The super- 
nate  was centrifuged  (27,000 g  for  I0  min),  and  the 
pellet  was  resuspended  in  HEPES  buffer  containing 
sucrose (33%, wt/wt). Discontinuous sucrose gradients 
were prepared  consisting  of 3-ml steps  of 41,  36,  33 
(containing  sample),  and  26%.  The  gradients  were 
centrifuged at 95,000 g  for 45 rain. Membranes at the 
36%/33%  and  the  33%/26%  interfaces were  pooled 
and  adjusted  to 33%  sucrose. The  discontinuous gra- 
dient  centrifugation  was  repeated.  Membranes  at  the 
36%/33%  and  the  33%/26%  interfaces  were  again 
pooled, diluted  with  HEPES buffer,  and  collected by 
centrifugation  (27,000 g  for 10 min). Identification of 
this material as predominantly plasma membranes was 
established by enzymatic and chemical markers (unpub- 
lished results) and by electron microscopy. 
Electron Microscopy:Negative Staining 
1%  phosphotungstic  acid  (PTA)  (Fischer  Scientific 
Co., Pittsburgh,  Pa.) was  neutralized with sodium hy- 
droxide,  Zinc bacitracin  (40-80  /~g/ml PTA solution) 
(Burroughs Wellcome Co., Research Triangle Park, N. 
C.) was used as a wetting agent (11). The PTA solution 
was stored at 5~  and used within a 2-wk period. 
Isolation o  f Ligatin 
The plasma membranes were resuspended in 40 mM 
CaCI~, incubated on ice for 10 min, and subsequently 
dialyzed  overnight  against  0.5  mM  EGTA,  5  mM 
HEPES,  pH  8.0.  The  retentate  was  centfifilged 
(ll0,000g for 90 rain), and the supernate was subjected 
to gel filtration on  a  Bio-Rad P-60  column (Bio-Rad 
Laboratories,  Richmond,  CaliL)  equilibrated  with 
HEPES buffer.  The  column was calibrated  with blue 
dextran,  cytochrome c,  ribonuclease  A,  and  insulin. 
Protein concentrations were determined by the method 
of Lowry ct at. (17) or by the Bradford technique (5). 
Assays for  fl-N-acetylhexosaminidase activity were by 
the procedures of Koldovsky and Palmieri (16). 
Radioactively Labeled Ligatin 
Neural retinas were dissected  aseptically  from 20 9- 
to 10-d-old  embryos and incubated for 24 h at 37~  in 
Dulbecco's  Modified  Eagle's  Medium  (Grand  Island 
Biological Co., Grand Island, N. Y.) containing 100 U/ 
ml penicillin  and  100  /~Ci/ml carrier-free asP-inorganic 
phosphate  (New  England  Nuclear,  Boston,  Mass.). 
After  the  incubation,  plasma  membranes  and  ligatin 
were prepared  as described above. Alternatively, puri- 
fied ligatin was carboxymethylated with [~4C]iodoacetate 
(New England Nuclear) by the procedure of Gurd (12). 
The reaction mixture (1 ml) containing 10 mM HEPES, 
pH 8.0, and 100/xg of retinal ligatin was incubated with 
250 t~Ci of [tK2]iodoacetate  at room temperature under 
a  nitrogen  atmosphere  for 30  rain.  The  reaction  was 
terminated with an  excess of ~mercaptoethanol.  The 
preparation was subsequently dialyzed against water and 
lyophilized. 
Polyacrylamide Gel Electrophoresis 
Ligatin (50/~g),  [14C]carbox3,axtethylated ligatin, and 
ligatin (20 t~g) coupled with fluorescamine by the meth- 
ods of Friedberg and Reynolds (9) were electrophoresed 
in  the presence of sodium dodecyl sulfate  (SDS) and 
urea using the procedure of Benya et al. (4). The gels 
contained 15% acrylamide and were run at 2 mA/tube 
for  3  h.  The  fluorescamine-labeled  gels  were  photo- 
graphed by using Kodak Wratten Gelatin Filters, No. 36 
for excitation and No. 4  for fluorescence transmission. 
Radioactive gels were  frozen  and  divided  into  l-ram 
slices; the slices were individually  solubilized  (22), and 
the profiles of radioactivity were determined by scintil- 
lation  counting.  Electrophoresis  under  nondenaturing 
conditions was by the method of Davis (6). The nonde- 
naturing gels contained 7.6% acrylamide and were run 
at  2  mA/tube for 3  b.  Gels were fixed by incubation 
overnight in either 10% acetic acid (8) or 20% trichlo- 
roacetic acid (7). Coomassie blue staining  was done by 
the procedure of Weber et al. (22). Periodic acid-Schiff 
staining was by the procedure of Fairbanks et al. (8). 
Amino Acid Composition 
Protein  (200  ~g) from the included P-60 peak was 
dialyzed against  distilled  water and lyophilized in a  13 
x  100 borosilicate test tube. 1 ml of 6 N HCI was added 
to the tube, and the tube was evacuated and sealed. The 
sample was heated at  105~  for 24 h, diluted to 2 ml 
with distilled water, and then dried under nitrogen. The 
sample was dissolved in 250 t~l of sodium citrate buffer, 
pH 2.2, containing 0.2 N Na  + and 2% thiodiglycol, and 
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composition in 20  /zl of sample was determined by a 
Durrum Model D-500 Amino Acid Analyzer (Durrum 
Instrument Corp., Sunnyvale, Calif.). 
Analysis for o-Phosphoserine 
Aliquots of 3"P-labeled protein from the included P- 
60  peak  were analyzed  for  o-phosphoserine  by  the 
procedure of Bareta and Kizer (3). Samples were di- 
alyzed against cold distilled water, lyophilized, and hy- 
drolyzed  in  6  N  HCI  at  105~  for  5  h  in  sealed, 
evacuated tubes. Under these conditions, -60% of the 
phosphoserine residues from hydrolyzed protein will  be 
preserved  as  phosphoserine  (15). The  other  40%  is 
hydrolyzed to Pi and free serine. In contrast, any azp 
present in the associated lipids as phosphotidylserine  will 
be  hydrolyzed to  yield free  serine  and  Pi  (1).  The 
hydrolysates were dried under N.~, resuspended in 0.4 
ml of 0.1  M formic acid containing 4  /xmol of carrier 
phosphoserine, and applied to a 1.5  ￿  7-cm column of 
Dowex  1 X-8  (Dow Coming Corp.,  Midland, Mich.) 
equilibrated with 0.1  M formic acid. After  15  3-ml 
fractions were eluted in 0.1 M formic acid, the collection 
was continued by using 0.25 M formic acid containing 
0.25 M pyridine. 0.5-ml aliquots were subjected to the 
ninhydrin assay (20) while the remainder of the fractions 
were counted for a2p with a liquid scintillation  system. 
Sephadex LH-20 Chromatography 
Chromatography in chloroform-methanol-HCI (2:1: 
10 raM) was by the procedures of Gaetjens (10). The 
column was calibrated with cytochrome c, lecithin, and 
RESULTS 
Plasma Membrane Morphology 
The  retinal plasma membrane fractions were 
examined by  electron microscopy with  negative 
staining techniques. Low power views showed no 
significant amounts of mitochondria, endoplasmic 
reticulum, nuclear membranes, or nonmembran- 
ous materials. Yet there was some heterogeneity 
in the preparations. Most of the membranes were 
covered in part with filaments 4.5  nm in Diam; 
others were observed to have surfaces either com- 
pletely covered by particles or completely smooth 
(Fig. 1). These smooth profiles may be images of 
"inside out" membrane vesicles. 
When the plasma membranes were treated with 
40 mM Ca ++, individual  filaments 4.5 nm in Diam 
were seen free of the membranes scattered over 
the grids  (Fig. 2).  However, such treatment did 
not release all of the  particulate coatings of the 
membranes.  After  dialysis  against  EGTA,  pH 
8.0,  filamentous materials were  no longer seen. 
The release of filamentous material from plasma 
membranes surfaces after treatment with 40 mM 
Ca ++  and  the  subsequent disappearance of fila- 
ments after dialysis against EGTA are identical to 
results obtained with ligatin-hexosaminidase fila- 
ments isolated from  ileum (14).  However, both 
the membrane-bound  and the free filaments differ 
in diameter and morphology from those seen in 
ileal preparations. 
Isolation and Purification 
After treatment with 40 mM Ca  ++ and dialysis 
vs. EGTA, pH 8, retinal plasma membranes were 
separated from solubilized components by centrif- 
ugation. The  solubilized components were  sub- 
jected to gel filtration on a Bio-Rad P-60 column 
(Fig. 3). Only two protein peaks were observed, 
one  totally  excluded  and  the  other  chromato- 
graphing as a globular protein of 10,000 daltons. 
Approx. 100/,~g of included protein were isolated 
from 1 g of retinal tissue. 
As with ileal ligatin, the included peak exhibited 
an optical density at 280 nm that greatly exceeds 
the molar extinction coefficient of a typical protein 
at that wavelength. The absorbance is maximal at 
-250 nm and is attributable to conjugated phos- 
pholipids associated with the protein (unpublished 
results). 
The proteins voided from the P-60 column were 
assayed  for  /3-N-acetylhexosaminidase  activity 
(16). None was found. 
Polymerization in the Presence of Ca §247 
Rechromatography of the  10,000-tool wt pro- 
tein in the  presence of 0.5  mM  EGTA did not 
alter its elution profile  (Fig. 4a).  After dialysis 
against 5  mM  Ca ++,  however,  the  protein was 
completely excluded from the P-60 column (Fig. 
4b).  Negative  stain electron  microscopy of  this 
material showed that the protein had polymerized 
into filaments -3  nm in Diam (Fig.  5a).  After 
freeze-thawing, this material formed tactoids (Fig. 
5 b). The morphology of the repolymerized fila- 
ments is  identical to  that  of repolymerized ileal 
ligatin. 
Polyacrytamide Gel Electrophoresis 
Aliquots from the included P-60 peak (50-100 
/.~g of protein) were subjected to disk gel electro- 
phoresis under both nondenaturing (6) and dena- 
turing (SDS-urea) (7) conditions. Gels were fixed 
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are covered in part by filaments ~-4.5 nm in Diam; others are completely covered by particles (double 
arrow) or are completely smooth (single arrow),  ￿  114,000. 
FIGURE  2  Negatively  stained  preparation  of  the  Ca*+-treated  membrane  pellet.  Both  smooth  and 
particulate-coated  membranes  are  seen.  In  addition,  filaments  ~4.5  nm  in  Diana  are  seen  in  the 
background free from the membranes. ￿  102,000, 30C  0.3  [ 
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FIGURE 4  Effect  of Ca  ++  on  polymerization of 32p. 
labeled protein from the included P-60 peak, (a) Chro- 
matography  in  the  presence  of 0.5  mM  EGTA,  (b) 
Chromatography after dialysis against 5 mM Ca ++. In 
both cases, absorbance at 280 nm was superimposabte 
with the distribution of radioactivity. 
and stained with either Coomassie blue or periodic 
acid-Schiff reagent. No bands were visible in any 
of  the  experimental  gels,  although  protein  and 
glycoprotein  standards  in  accompanying  gels 
clearly stained. 
Several  explanations  seemed  possible:  (a)  the 
protein  did  not  react  with  either  of the  stains 
employed, (b) the protein was heterogeneous and 
each polypeptide was present at too low a concen- 
tration  to  be  observed,  or  (c)  the  protein  was 
soluble  in  the  fixative  or staining  solutions  and 
diffused from the gels. The first possibility, how- 
ever,  seemed  unlikely  because  the  protein  in 
solution  bound  Coomassie  blue  G-250  (5).  To 
examine the second and third possibilities, protein 
from the included P-60 peak was carboxymethyl- 
ated  with  [14C]iodoacetate  (12).  Duplicate  sam- 
ples of the labeled  preparation were electropho- 
resed  under denaturing conditions.  One gel was 
frozen and  sliced without fixation.  Its profile  of 
radioactivity is shown in Fig. 6a. All of the counts 
per  minute  (cpm's)  applied  to  the  gel  were  re- 
covered in a single, discrete band migrating with 
Rf =  0.70. The duplicate gel was fixed and stained 
with Coomassie blue in methanol:acetic acid: tri- 
chloroacetic acid for 12 h. No bands were visible 
after destaining. The gel was then sliced and the 
profile of radioactivity was determined. No cpm's 
were present in the fixed gel. Thus, the prepara- 
tion was apparently not retained  in the gel with 
conventional fixation procedures. This interpreta- 
tion was confirmed by using fluoreseamine to label 
the  protein  before  electrophoresis  (9).  A  single 
band of fluorescence was observed before fixation 
(Fig. 6b).  However, during the fixation process, 
this  fluorescence  disappeared.  Standards  fixed 
similarly remained  in the gel and displayed fluo- 
rescence throughout the procedure. 
Protein Phosphorylation 
When  retinal  tissue  was  incubated  with  azp_ 
inorganic phosphate for 24 h, nondialyzabte radio- 
activity was found in the included peak after P-60 
chromatography. With the addition of Ca ++ , the 
radioactivity was voided from a P-60 column (Fig. 
4b),  thus suggesting an association with  the  po- 
lymerized  protein.  Although  the  a2p  might  be 
caused solely by phospholipids known to be bound 
to the protein  (unpublished  results),  some of the 
cpm's could  be  covalently bound  to  the  protein 
itself through the phosphorylation of serine resi- 
dues. 
To test for the presence of phosphoserine in the 
protein,  an  aliquot  of the  ~2P-labeled  peak was 
subjected  to  partial  acid  hydrolysis  (6  N  HCI, 
104~  5  h).  The  hydrolysate  was  mixed  with 
unlabeled  carrier  phosphoserine  and  chromato- 
646  THE  JOURNAL OF  CELL BIOLOGY' VOLUME 80,  1979 PmtmE  5  (a) Negatively stained preparation of the included fraction from a Bio-Rad P-60 column after 
the re-addition of CaCI2. Individual filaments are -3 nm in Diam. (b) Negatively stained  preparation 
after being frozen (-20~  and thawed. The filaments have aggregated  into tactoids of varying lengths. 
No individual filaments were seen. (a) x 213,000;  (b) ￿  75,000. 
graphed on  a  Dowex  1  X-8  column  (3).  Of the 
radioactivity  applied  to  the  column,  95%  was 
recovered,  32%  of  which  co-chromatographed 
with  the  unlabeled phosphoserine  (Fig.  7).  The 
remainder eluted in  a  position corresponding to 
inorganic phosphate.  By using a  40%  correction 
factor  for  the  hydrolysis  of  protein-associated 
phosphoserine  under  these  conditions  (15),  we 
found that -55%  of the initial radioactivity could 
be attributed to phosphorylated serine residues in 
the protein. 
These results were confirmed when the material 
was subjected to molecular sieve chromatography 
in chloroform-methanol-HCl on a  Sephadex LH- 
20  column.  All of  the  lyophilized protein  and 
radioactivity from  the  included P-60  peak  were 
readily solubilized in acidified chloroform-metha- 
nol and applied to the column. The elution profile 
is shown in Fig. 8. Approx. 60% of the radioactiv- 
ity eluted as  a  peak coincident with  the  elution 
position  of  cytochrome  c.  A  second  peak  of 
radioactivity was  observed  in  the  region  where 
lecithin was found to elute. When material from 
the  earlier  peak  was  subjected  to  partial  acid 
hydrolysis and analyzed for phosphoserine, 95 % 
of the a2p was now attributable to phosphoserine, 
again with a 40% correction factor (15). Further- 
more, when an aliquot of the 32P-labeled material 
was  mixed  with  20  v-g  of  the  nonradioactive, 
fluorescamine-coupled protein from the included 
P-60 peak and electrophoresed under denaturing 
conditions, a  single peak of radioactivity with Rf 
=  0.70 was observed that coincided precisely with 
the peak of fluorescence. From these studies, we 
conclude that the  included P-60  protein is phos- 
phorylated. 
Amino Acid Composition 
An aliquot of the included P-60 peak containing 
100  t~g of protein was subjected to  a  24-h  acid 
hydrolysis and analyzed for amino acid composi- 
tion. The results are shown in Table I. 
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woo~-  i  ~  ~  1  especially Glx and Asx, A low release of ammonia 
soo~-[  f'~  during the  hydrolysis (<50%  of the  Glx value) 
suggests that most of these residues were initially 
600  in  the  acidic form.  Overall.  76%  of the  amino  z~  | 
aoo~-  /~  acids were  polar while only  17 %  (excluding ala- 
2oo~-  [\  nine)were hydrophobic. 
ot .............................  d~ "~h-  .......................  DISCUSSION 
~.o  2.0  3.0  4.0  3.0  6.0  cm  A  new  protein  has  been  isolated  from  plasma 
membranes of embryonic chick neural retina that 
possesses  the  following  characteristics:  (a)  re- 
FIGURE  6  (a)  Profile  of  radioactivity  of  [~*C]car- 
boxymethylated ligatin after etectrophoresis in SDS-urea 
on  15%  polyacrylamide  gels and  before fixation with 
acidic or acidified organic solvents. Arrows denote posi- 
tions of standards: actin (43,000  daltons); ribonuclease 
A  (13,600  daltons);  cytochrome  c  (12,500  daltons). 
After fixation, no cpm's remained in the gel. (b) Distri- 
bution of fluorescence after electrophoresis of fluoresca- 
rnine-ligatin.  After  being  fixed,  no  fluorescence  re- 
mained although standards (not shown) remained clearly 
visible. 
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FIGURE 8  Elution  profile  from  Sephadex  LH-20  col- 
umn  of  32P-labeled material  from  the  included  17-60 
peak. Arrows mark  the initial elution  positions of the 
indicated standards. 
TABLE  1 
Amino Acid Composition of Retinal Ligatin 
Amino acid  Mol per 100 mot of amino acid 
Asx  10,6 
Thr  4.4 
Ser  13,1 
Glx  22.2 
Pro  2.6 
Gly  t4.1 
Aid  7.6 
Val  3.4 
Met  0,6 
lie  2.4 
Leu  4.7 
Tyr  1.8 
Phe  2.9 
His  2.0 
Lys  5.1 
Arg  2.7 
Cys  ND 
Trp  ND 
ND, not determined. 
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40 mM Ca++; (b) a monomeric molecular weight 
of -10,000  daltons;  (c)  a  high  apparent  molar 
extinction coefficient at 280 nm; (d) solubility in 
acidic and acidified organic solutions that  results 
in a failure of the protein to be visualized in acid- 
fixed  polyacrylamide  gels;  (e)  reversible,  Ca ++- 
mediated polymerization into 3-nm filaments; and 
(f) an amino acid composition atypically high in 
acidic residues  and  low  in  hydrophobic residues 
and containing phosphorylated serine. Because of 
similarities  between  this  protein  and  tigatin,  a 
protein  previously isolated  from ileum  (14),  the 
retinal  protein  also will  be referred  to as ligatin. 
Retinal  ligatin  constitutes  >1%  of  the  plasma 
membrane protein,  as more than  100  /zg can be 
isolated from 1 g, wet weight, of retina. 
The  initial  step  in  the  isolation  procedure  for 
retinal  ligatin,  treatment  of plasma  membranes 
with Ca  ++, results in the release of filaments 4.5 
nm in  Diam. These filaments differ morphologi- 
cally from  the  3-nm  filaments  formed  by repo- 
lymerization  of  purified  ligitin  monomers.  In 
ileum,  such a  difference in morphology between 
filaments  released  from  membranes  and  those 
formed by repolymerization of ligatin  alone results 
from the decoration in vivo of ligatin  filaments by 
/3-N-acetylhexosaminidase.  In  retina,  an  analo- 
gous  decoration  in  vivo  of ligatin  filaments  by 
other membrane proteins is thus suggested. Con- 
sistent with this is the co-solubilization with ligatin 
of proteins that are excluded from a P-60 column 
after  treatment  with  EGTA.  The  co-solubilized 
proteins in retina, however, differ in morphology 
from  the  /3-N-acetylhexosaminidase  associated 
with ileal ligatin and do not possess this enzymatic 
activity. 
Our  investigations  in  retina  for  a  ligatinlike 
molecule were prompted by similarities  between 
ileal ligatin and a preparation isolated by Merrell 
et al.  (18, 19) from embryonic chick neural retina 
that  inhibits  the  reassociation  of  single  retinal 
cells.  The  inhibitory  activity  has  the  following 
properties: (a) it is extractable from retinal plasma 
membranes  by  using  a  chaotropic  agent,  (b)  it 
passes quantitatively through an Amicon PM  10 
filter (Amicon Corp., Scientific Sys. Div., Lexing- 
ton, Mass., nominal cut-off at 10,000 daltons) but 
is retained  by a  UM 2  filter  (nominal cut-off at 
2,000 daltons), (c) it is inactivated by trypsin, and 
(d)  it  is  not  visualized  after  staining  polyacryl- 
amide  gels  with  either  a  protein  stain  or  the 
periodic  acid-Schiff  method  (19).  Correspond- 
ingly, ileal ligatin  is extractable from plasma mem- 
branes,  passes through PM  10 but is retained  by 
UM  2  filters,  is  cleaved  by  trypsin,  and  is  not 
visualized in conventionally stained gels (reference 
14  and  unpublished  results).  In  addition,  ileal 
ligatin  functions as a baseplate for an external cell- 
surface protein. An analogous function by a simi- 
lar protein in retina could be responsible for the 
biological  activity  found  by  Merretl  et  al.:  if 
proteins  that  mediate  intercellular  adhesion  are 
bound  to  retinal  plasma  membranes  via  ligatin, 
then exogenous, soluble ligatin  might compete for 
this material and thus inhibit adhesion rates. 
To determine whether ligatin  possesses biologi- 
cal  activity similar  to  that  of the  preparation  of 
Merrell et al.  (19), retinal ligatin  was included in 
assays  for  intercellular  adhesion  among  retinal 
cells.  With  ligatin  present  at  20  tzg/ml,  a  70% 
inhibition  of adhesion compared to controls was 
observed  (Marcha~  and  Jakoi,  in  preparation). 
This result and  the  known baseplate  function of 
Iigatin  in  ileum  suggest  that  retinal  ligatin  may 
function  in  vivo as  a  baseplate  for components 
necessary for intercellular  adhesion and  that  the 
observed inhibition of adhesion may be caused by 
competition  between  exogenous  soluble  ligatin 
and cell-associated ligatin  for these  components. 
Four proteins that fail  to be visualized in poly- 
acrylamide gels stained with Coomassie blue have 
been reported recently. Besides the initial  report 
of ligatin  from ileum  (14) and the preparation of 
Merrell  et  al,  (19),  Gaetjens  (10) found a  non- 
staining phosphorylated protein  in  human eryth- 
rocyte ghosts. This protein was reported to have a 
mol wt of ~14,000  daltons and  to be soluble  in 
acidified  chloroform:methanol.  Also,  Bfirfiny  et 
al.  (2)  extracted  a  phosphorytated  protein  of 
10,000  daltons  from  adult  frog  skeletal  muscle 
with acidified chloroform :methanol. 
The  inability  to  visualize  these  proteins  has 
been suggested to be either caused by a failure to 
bind  Coomassie  blue  (10,  14)  or  because  the 
proteins were present at too low a concentration 
to be seen  (I0,  19).  However, we propose that 
the  proteins  isolated  from  skeletal  muscle  and 
erythrocytes were  also  ligatin  or ligatinlike  pro- 
teins  and  that,  as  in  retina,  their  failure  to  be 
visualized was because of their solubility in acidic 
fixatives.  This  hypothesis  is  supported  by  the 
findings that the muscle (2) and erythrocyte (10) 
proteins  were  soluble  in  acidified  chloroform: 
methanol. In addition, the molecular weights and 
amino  acid  compositions  reported  for  the  frog 
EMMA R.  JaKol AND RICHARD B.  MARCFIASE Ligatin from Neural Retina  649 muscle  (2) and  human erythrocyte  (10)  proteins 
are  similar  to  those  obtained  for ileal  (13)  and 
retinal ligatin. Lastly, by using the Ca ++ extraction 
described  above, we have isolated proteins from 
skeletal muscle membranes and erythrocyte ghosts 
that  possess  the  same  characteristics  as  retinal 
ligatin  (unpublished  results).  These  similarities 
thus  suggest  that  ligatin  is  a  plasma  membrane 
protein  or  family  of  proteins  found  in  a  wide 
variety of tissues and across a spectrum of verte- 
brate species. 
We are grateful to David Robinson and Michael Herb- 
streith for expert technical assistance.  We thank Dr. J. 
David  Robertson  and  Dr.  Allen  D.  Roses  for  their 
interest and support, and Dr. Sheila M, Counce for her 
encouragement, 
Funds for this work were provided by United States 
Public Health Service program project grant 9 P01 GM 
23911-06 and by grants from the North Carolina United 
Community Services. 
Received for publication 24 May" 1978, and in revised 
form 30 October t 978. 
REFERENCES 
1.  ANSELL, O. B,, and J. N. HAWTHOIINE.  1964.  Phospbolipids:  Chem- 
istry,  Metabolism  and  Function.  Elsevier  Scientific Publishing  Cora- 
l:tony, Amsterdam, 29-31. 
2,  B/d~NY,  M,,  K,  B.glL~NV, E.  GKEIraNS, and  A,  Sar.aNSCIrt~EIDF.R. 
1977.  Isolation  of phosphorylated  acid chloroform/methanol-soluble 
proteins  from live frog muscle. Biochim.  Biophys.  Acta.  491:387-397. 
3.  BmmLA, T. D,, and D. E. KIZEi.  1974.  In vivo  phosphorylation  of 
free and membrane-bound ribosomal  protein.  Biochim,  Biophys.  Acta. 
33S:218-225. 
4.  BENV^, P~ D., S, R. p~n, LA, and M. E. Nr~m. 1977.  The progeny 
of rabbit  articular  cbondrocytes  synthesize collagen types I and !II and 
type  I  trimer,  but  not  type  11. Ver~cations  by cyanogen  bromide 
peptide  analysis~ Biochemist~,.  16:865-872. 
5.  BIL~oVOXO, M.  M.  1976,  A  rapid  and  sensitive  method  for  the 
quamitation of microgram quantities  of protein utilizing the principle of 
protein.dye  binding. Anal,  Biochem.  72:248-254. 
6.  DAws,  B. J.  1964.  Disc electropboresis-lI,  Method and application 
to human serum protein.  Ann. N, Y. Acad. Sci.  121:404-427. 
7.  DuNs. M. J., and A. H. bl,*,oDv. 1976,  Techniques  for the analysis of 
membrane proteins.  In  Biochemical  Analysis  of Membranes. A, H. 
Muddy,  editor.  John Wiley & Sons, Inc., New York. 197-251. 
8.  Fhnmm~gs, G., T. L. S'r~r  and D, F, H. W^LL^CR. 1971,  Electro- 
phoretic  analysis of the major polypeptides  of the human erythrocyte 
membrane. Biochemistry.  10:2606-261% 
9.  b-~mo~ean, S. J., and J, A. Rr~v'sot.l~s, 1976.  The molar ratio ol the 
tv.,o major polypoptide  components of human high density lipoprotein, 
J, Biol.  Chem,  251:4005-4009, 
t0.  G~-'rm~'s, E.  1976,  Isolation  of a  ~P-labeled  polypeptide  of tow 
molecular weight from phosphoryiated  human erythrocyte  membranes. 
B/ochem/st~.  15:40-45, 
11.  G~r,,o~v.  D.  W.,  and  B.  L  S,  PfmE.  1973.  Wetting  agents  for 
biological electron  microscopy.  I. General consideration  and negative 
stairdng. J. Microsc. (Oxf.), 99"261-265. 
12.  G~,  F. R. N.  1967.  Carboxy methylation.  Methods  EnLvmol.  ll: 
532-541. 
13.  J^KOI, E.  R.,  and J.  D. RoaEaa~ol~, 1978,  Ligatin:  A  basepiate  for 
selective  attachment  of hexosaminidase  A  to  plasma  membranes of 
suckling rat ileum.  Submitted  for publication. 
14.  J^KOL E.  R.,  G.  ZAMI'IGItl, and  J.  D.  Rol~EarsoN. 1976.  Regular 
structures  in  unit  membranes,  n.  Morphological  and  biochemical 
characterization  of two water-soluble  membrane proteins  isolated from 
the suckling rat ileum. J. Cell Biol,  "/0:.97-111, 
15,  K.~^r,  D.  1971.  Phosphorylation  of  ribosomal  proteins  in  rabbit 
reticolocytes.  A celbfree  system with ribosomal  protein kinase activity. 
Biochemistry.  I~197-203. 
16.  KoLoovs~'~. O., and M. PaLSU~.L 197i. Cortisone  evoked decrease 
in acid fl,-glucuronidase, N-acetyl-fl-glucosaminidase  and aryl sulfataso 
in the ileum of suckling rats, Biochem.  J. 125.697-70l, 
17.  Low~v, O. H., N. J. RosEl~aot~orL A. L. F~aL and R. J, lL~'~opa,  L. 
1951~ Protein measurements with the Folin  phenol  reagent. J.  B/oL 
Chem,  193:265-268. 
18.  MelmEt,L, R. D., and L, G~sEa. 1973. Specific recognition  of plasma 
membranes by emb~onic cells,  Proc.  Natl.  Acad.  $ci.  U. S.  A.  70: 
2794-2798. 
19.  MEUELL, R., D. I. GorrL~ts, and L, GL^SEa. 1975.  Embryonal  cell 
surface recognition.  Extraction  of an active plasma  membrane compo- 
nent. J. Biol.  Chem.  2S0:5655-5659. 
20.  MOOl~E, S.. and W, F1. SXEI~q, 1954.  A modified  ninhydrin  reagent for 
the photometric  determination  of amino acids and related  compounds, 
J. Biol.  Chem.  211:907-913, 
21,  Roar, a'rsoN,  J.  D., S.  KNUTION, A.  R,  LIMBRICg,  E.  R. J^gol, and 
G.  ZAMI'tGm. 1976.  Regular  structures  in  unit  membranes.  Ill, 
Further observations  on the particulate  component  of the suckling rat 
ileum endocytic membrane complex, Y. Cell Biol.  70:112-122. 
22.  WEBER, K., J. R. PlUNOLF., and M. Os~oRs.  1972.  Measurement of 
molecular  weights by electrophoresis  on SDS-acrylamide  gel. Methods 
Enzymol.  26 (Part C):3-27. 
650  THE  JOURNAL  OF  CELL  BIOLOGY ￿9 VOLUME  80,  1979 